Study on the escape timescale of high-energy particles from supernova
  remnants through thermal X-ray properties by Suzuki, Hiromasa et al.
ar
X
iv
:2
00
6.
03
38
2v
1 
 [a
str
o-
ph
.H
E]
  5
 Ju
n 2
02
0
Publ. Astron. Soc. Japan (2014) 00(0), 1–20
doi: 10.1093/pasj/xxx000
1
Study on the escape timescale of high-energy
particles from supernova remnants through
thermal X-ray properties
Hiromasa Suzuki1, Aya Bamba1,2, Ryo Yamazaki3,4, Yutaka Ohira5
1Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033,
Japan
2Research Center for the Early Universe, School of Science, The University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
3Department of Physics and Mathematics, Aoyama Gakuin University, 5-10-1 Fuchinobe,
Chuo-ku, Sagamihara, Kanagawa 252-5258, Japan
4Institute of Laser Engineering, Osaka University, 2-6 Yamadaoka, Suita, Osaka 565-0871,
Japan
5Department of Earth and Planetary Science, The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-0033, Japan
∗E-mail: suzuki@juno.phys.s.u-tokyo.ac.jp
Received 〈reception date〉; Accepted 〈acception date〉
Abstract
In this decade, GeV/TeV gamma-ray observations of several supernova remnants (SNRs) have
implied that accelerated particles are escaping from their acceleration sites. However, when
and how they escape from the SNR vicinities are yet to be understood. Recent studies have
suggested that the particle escape might develop with thermal plasma ages of the SNRs. In
this paper, we present a systematic study on time evolution of particle escape using thermal
X-ray properties and gamma-ray spectra.
We used 38 SNRs which associate with GeV/TeV gamma-ray emissions. We conducted spec-
tral fittings on the gamma-ray spectra using exponential cutoff power law and broken power law
models to estimate the exponential cutoff or the break energies, both of which are indicators
of particle escape. The plots of the gamma-ray cutoff/break energies over the plasma ages
show similar tendencies to those predicted by simple theories of the particle escape under
conditions in which a shock is interacting with thin interstellar medium or clouds. The particle
escape timescale is estimated as ∼100 kyr from decreasing trends of the total energy of the
confined protons with the plasma age. The large dispersions of the cutoff/break energies of
the data may suggest an intrinsic variety of particle escape environments. This might be the
cause of the complicated Galactic cosmic-ray spectral shape measured on Earth.
Key words: acceleration of particles — ISM: supernova remnants — X-rays: ISM — gamma rays: ISM
1 Introduction
Recent studies have revealed that charged particles are acceler-
ated to the energies above TeV at young or middle-aged super-
nova remnant (SNR) shocks (e.g. Tycho: Giordano et al. 2012;
Cassiopeia A: Ahnen et al. 2017; RX J1713.7-3946: H. E. S. S.
Collaboration et al. 2018). Even these seemingly most powerful
accelerators in our Galaxy have not been found to provide par-
ticles of up to 1015.5 eV, which might suggest very-high-energy
c© 2014. Astronomical Society of Japan.
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particle escape from these SNRs (Ohira et al. 2010). In the cases
of middle-aged to old SNRs, most of their spectra show sharp
cutoffs around several GeV (e.g. W44: Ackermann et al. 2013;
HB 21: Ambrogi et al. 2019), indicating that higher-energy par-
ticles have already escaped from the SNRs (Ohira et al. 2011).
Also, most of the middle-aged to old gamma-ray emitting SNRs
show the pion-decay spectral feature below 1 GeV, favoring the
hadronic origins for the gamma-ray emissions. And in some
cases, GeV/TeV emissions from the adjacent clouds have been
detected, suggesting the irradiation by escaped particles (W44:
Uchiyama et al. 2010; W28: Cui et al. 2018). However, when
and how they escape from the SNR vicinities remain unknown
and should be addressed observationally.
Interestingly, particle escape from SNRs have been sug-
gested to be somehow related to recombining plasmas (RPs),
since most of the SNRs with RPs have the gamma-ray coun-
terparts (Suzuki et al. 2018). RPs are plasmas with abnormally
low electron temperatures and thus in recombination-dominant
states, which are opposite from ionizing plasmas (IPs) usually
found in SNRs. These RPs have been found in 16 middle-aged
to old SNRs until now (e.g. IC 443: Yamaguchi et al. 2009; W
49 B: Ozawa et al. 2009; G359.1-0.5: Ohnishi et al. 2011; W 28:
Sawada & Koyama 2012). The origin of the RPs are still under
discussion.
Comparing the GeV gamma-ray and thermal X-ray data,
Suzuki et al. (2018) suggested a possibility that particle escape
and generation of RPs share the same origin, since the parti-
cle escape apparently develops with the RP age. Zeng et al.
(2019) have revealed that the GeV/TeV gamma-ray emitting
SNRs show gradual particle escape with the SNR ages. Thus,
particle escape seemingly develops with an elapsed time from
the supernova explosion, and the escape progress may be able
to be tracked by the thermal plasma ages.
In this study, we conduct a systematic study on the gamma-
ray emitting SNRs to derive the escape timescale from the ob-
servations, and make comparisons with theoretical predictions.
We suggest that the plasma age represents the SNR age and thus
can be used to track the particle escape progress. In Section 2,
we briefly describe the sample selection and show the analy-
sis results on the GeV/TeV spectral fittings. In Section 3, we
present a systematic study on the time evolution of particle es-
cape. The results are discussed in Section 4, and summarized in
Section 5. Throughout this paper, errors in the text, tables and
figures represent a 1 σ confidence level.
2 Sample selection and gamma-ray spectral
analysis
2.1 Sample and physical parameters
We selected the gamma-ray emitting SNRs shown in Acero et
al. (2016) or Zeng et al. (2019). Among them, we used ob-
jects with individually published gamma-ray spectra. We found
38 available objects, which are shown in Table 1. We took the
SNR diameters from Green’s SNR catalogue (Green 2017) for
the sake of uniformity. For the thermal plasma properties, we
took electron number densities ne, and for those whose plasmas
have deviations from collisional ionization equilibrium (CIE),
we also extracted the ionization/recombination timescales net
from the literature and calculated the plasma ages (tp) by divid-
ing net with ne. The ne is estimated from thermal X-ray emis-
sion measures and assumptions of the X-ray emitting volumes.
The net is estimated in the X-ray spectroscopies. We basically
used the net for the whole SNR. For the IPs or RPs detected
from several regions, we used the average values. Note that the
origins of the RPs are still unclear, but since a correlation be-
tween the progress of particle escape and the RP ages has been
suggested (Suzuki et al. 2018; Katsuragawa 2019; Zhang et al.
2019), here we assumed that the RP ages had a positive corre-
lation with the SNR ages. From an SNR diameter, post-shock
density ne (assumed to be uniform), and an assumed supernova
kinetic energy of 1051 erg, we calculated an age assuming a
Sedov model (ts) as
ts = 1.1 kyr(ne/1 cm
−3)0.5(D/5 pc)2.5, (1)
where D is the SNR diameter (Sedov 1959).
2.2 Gamma-ray spectral analysis
In order to obtain gamma-ray properties with a systematic anal-
ysis, we extracted the gamma-ray spectra presented in the publi-
cations, and estimated the progress of the particle escape as fol-
lows. We assume that hadronic emissions dominate the gamma-
ray spectra. The particle escape generally develops from higher
particle energies, because of larger diffusion lengths (Ptuskin
& Zirakashvili 2003). Assuming that the maximum energies
of accelerated protons are determined by particle escape, which
should be natural for middle-aged to old SNRs, exponential cut-
off energies (Ecut) or break energies (Ebr) of the gamma-ray
spectra represent the progress of the particle escape. If we as-
sume that escaping particles do not emit significant amount of
gamma-rays, exponential-like cutoff features are expected. On
the other hand, if the emission of escaping particles is seen as
well, we expect the spectra which can be approximated with a
broken power law (Ohira et al. 2010).
Thus, we fitted the gamma-ray spectra with both an expo-
nential cutoff power law model,
E2
dN
dE
=A×E−Γcutexp(−E/Ecut), (2)
and a (smoothed) broken power law model,
E2
dN
dE
=A×E−Γbr(1+ (E/Ebr)
−Γbr−Γbr2
0.1 )0.1. (3)
In ether case, first we fitted the spectra with a model which
Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 3
has free parameters of the normalization (A), photon indices
(Γcut,Γbr and Γbr2) and the cutoff energy (Ecut) or break en-
ergy (Ebr) (case (A)). The fitting results are shown in Figure 1
to 4. The dashed red lines represent the best-fitting spectra in
the case (A). While the photon indices were well constrained,
the cutoff energies were not determined for most of the sources
(see Figure 5 (b) and 6 (b)). The average values of the Γcutof
the IP SNRs, RP SNRs, and the others obtained with the expo-
nential cutoff power law models are 1.96±0.07, 2.44±0.05, and
2.03±0.07, respectively. Those obtained with the broken power
law models (Γbr) are 1.93±0.07, 2.38±0.05, and 2.02±0.05, all
of which are consistent with Γcut. Thus, we modified the fitting
algorithm as follows (case (B)): if the upper limit of the Ecut or
Ebr in case (A) can not be determined, we then fix the photon
index to the average value of its group (IP, RP or others) and
accept the result if χ2/d.o.f < 2.0. In order to avoid overfitting,
however, we did not use Ecut or Ebr obtained if the χ
2/d.o.f. is
too small (<0.3), and a simple power law fitting result was used
instead in either case of (A) or (B), and is presented in Figure
1 to 4. The best-fitting models in case (B) are shown in Figure
1 to 4 with the solid red lines. For the panels in which only the
solid red lines are shown, they represent the best-fitting models
in case (A). The best-fitting parameters are presented in Table
2.
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Table 1: Properties of the SNRs used in this study.
Name D (pc) Distance (kpc) ne (cm
−3) ngas (cm
−3)* tp (kyr) Refs.
†
IP SNRs
Cassiopeia A (G111.7−.1) 4.94 3.4 6 1 1.1 1, 4; 2; 3; 4
CTB 109 (G109.1−1.0) 24.4 3.1 0.9 1.1 17.7 (3.5–35) 1, 7; 5; 6; 7
CTB 37 B (G348.7+0.3) 40 13.2 2 10 1.1 (0.63–2.54) 1, 10; 8; 9; 10
Cygnus loop (G74.0−8.5) 30.7 (25.2–36.2) 0.54 2 5 12.7 1, 13; 11; 12; 13
G349.7+0.2 7.53 (6.7–8.36) 11.5 4.2 35 1.29 (1.06–1.67) 1, 16; 14; 15, 16; 17
Gamma Cygni (G78.2+2.1) 26.2 2.0 0.24 2 3.18 1, 21, 22; 18; 19, 20; 21, 22
Kes 79 (G033.6+0.1) 19.2 7.0 1 3 1.97 (1.91–2.04) 1, 26; 23, 24; 25; 26
MSH 11-62 (G291.0−0.1) 20.4 (18.9–21.8) 5 0.16 6.8 2.99 (2.59–3.38) 1, 28, 29; 27; 27; 28, 29
MSH 15-56 (G326.3−01.8) 45.3 4.1 0.15 1 29.7 (25.5–34) 1, 32; 30; 31; 32
Puppis A (G260.4−3.4) 35.2 (32.0–38.4) 2.2 1 4 7.42 (7.07–7.9) 1, 35; 33; 34; 35
RCW 103 (G332.4−0.4) 10 3.3 5.7 10 3.41 1, 38; 36; 37; 38
RCW 86 (G315.4−2.3) 30 2.5 2 1 1.1 (0.32–1.86) 1, 42; 39; 40; 41, 42
RX J1713.7-3946 (G347.3−0.5) 17.5 (16.0–18.9) 1 0.1 0.01 159 (127–191) 1, 45; 43; 44; 45
SN 1006 (G327.6+14.6) 18 2.2 0.15 0.085 5.25 (4.5–5.99) 1, 48; 46; 47; 48
Tycho (G120.1+1.4) 6.6 3 0.13 10 < 0.073 1, 51, 52; 49; 50, 51; 52, 53
W 30 (G8.7−0.1) 52.4 4 0.15 100 276 1, 56, 57; 54; 55; 56, 57
W 51 C (G49.2−0.7) 48 4.3 0.07 10 123 (61.4–187) 1, 60–62; 58; 59; 60–62
RP SNRs
3C 391 (G31.9+0.0) 18.5 (16–21) 7.2 0.9 300 45 (38–49) 1, 65; 63, 64; 63; 65
CTB 37 A (G348.5+0.1) 44 7.9 0.8 100 52 (48–64) 1, 68; 66; 67; 68
G166.0+4.3 65.5 (51–80) 4.5 0.9 0.01 69 (65–75) 1, 71; 69; 70; 71
G359.1−0.5 28 4.6 0.7 100 19 (17–21) 1, 72; 72; 73; 72
HB 21 (G89.0+4.7) 52.5 (45–60) 1.7 0.06 15 170 (110–250) 1, 76; 74; 75; 76
HB 9 (G160.9+2.6) 30 0.8 0.9 0.1 20.5 (19.1–21.6) 1, 78; 77; 77; 78
IC 443 (G189.1+3.0) 20 1.5 1.6 140 12 (11–13) 1, 81; 79; 80; 81
Kes 17 (G304.6+0.1) 35 10 0.9 10 57 (46–78) 1, 84; 82; 83; 84
W 28 (G6.4−0.1) 28 2 1 100 35 (32–41) 1, 87; 85; 86; 87
W 44 (G34.7−0.4) 27.5 (24–31) 3 1 200 20 (18–23) 1, 89; 88; 80; 89
W 49 B (G43.3−0.2) 8 (7–9) 10 2.7 700 5.2 (4.7–5.7) 1, 91; 79; 90; 91
Others
CTB 33 (G337.0−0.1) 5.1 11 — 60 — 1, 93; —; 92; 93
G150.3+4.5 18.8 0.4 — 1 — 1, 95; —; 94; 95
G24.7+0.6 32.7 (21.8–43.6) 5 — — — 1, 98; —; 96; 97, 98
G353.6−0.7 28 3.2 — 0.01 — 1, 101, 102; 99; 100; 101, 102
G73.9+0.9 32 4 — 10 — 1, 104; —; 103; 104
HB 3 (G132.7+1.3) 52.8 2.2 0.32 2 — 1, 107; 105; 106; 107
Monoceros nebula (G205.5+0.5) 102.5 2 0.003 3.6 — 1, 110, 111; 108; 109; 110, 111
Vela Jr. (RX J0852.0-4622; G266.2−1.2) 6.98 0.75 0.03 2 — 1, 115; 112; 113, 114; 115
S 147 (G180.0−1.7) 68.1 1.3 — 250 — 1, 117, 118; —; 116; 117, 118
W 41 (G23.3−0.3) 33 4.2 — 4 — 1, 121; 119; 120; 121
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Name D (pc) Distance (kpc) ne (cm
−3) ngas (cm
−3)* tp (kyr) Refs.
†
* The ambient gas density.
† References for the physical parameters. The references for D; ne and tp; gamma-ray spectrum and ngas ; distance are presented: (1) Green (2017); (2) Murray et al.
(1979); (3) Ahnen et al. (2017); (4) Reed et al. (1995); (5) Sasaki et al. (2013); (6) Castro et al. (2012); (7) Kothes et al. (2002); (8) Aharonian et al. (2008); (9) Xin et
al. (2016); (10) Caswell et al. (1975); (11) Zhou et al. (2010); (12) Katagiri et al. (2011); (13) Blair et al. (2005); (14) Slane et al. (2002); (15) Ergin et al. (2015); (16)
H. E. S. S. Collaboration et al. (2015b) (17) Tian & Leahy (2014); (18) Hui et al. (2015); (19) Fraija & Araya (2016); (20) Aliu et al. (2013); (21) Higgs et al. (1977);
(22) Lozinskaya et al. (2000); (23) Giacani et al. (2009); (24) Sun et al. (2004); (25) Auchettl et al. (2014); (26) Case & Bhattacharya (1998); (27) Slane et al. (2012);
(28) Moffett et al. (2001); (29) Moffett et al. (2002); (30) Cesur et al. (2019); (31) Temim et al. (2013); (32) Rosado et al. (1996); (33) Petre et al. (1982); (34) H. E. S. S.
Collaboration et al. (2015c); (35) Reynoso et al. (2003); (36) Braun et al. (2019); (37) Xing et al. (2014); (38) Carter et al. (1997); (39) Lemoine-Goumard et al. (2012);
(40) Yuan et al. (2014); (41) Rosado et al. (1996); (42) Sollerman et al. (2003); (43) Katsuda et al. (2015); (44) H. E. S. S. Collaboration et al. (2018); (45) Fukui et al.
(2003); (46) Yamaguchi et al. (2008); (47) Condon et al. (2017); (48) Winkler et al. (2003); (49) Hwang et al. (2002); (50) Giordano et al. (2012); (51) Acciari et al.
(2011); (52) Tian & Leahy (2011); (53) Hayato et al. (2010); (54) Finley & Oegelman (1994); (55) Ajello et al. (2012); (56) Kassim &Weiler (1990); (57) Brand & Blitz
(1993); (58) Sasaki et al. (2014); (59) Jogler & Funk (2016); (60) Koo &Moon (1997a); (61) Koo &Moon (1997b); (62) Green et al. (1997); (63) Ergin et al. (2014); (64)
Sato et al. (2014); (65) Radhakrishnan et al. (1972); (66) Yamauchi et al, (2014); (67) Abdollahi et al. (2017); (68) Tian & Leahy (2012); (69) Matsumura et al. (2017);
(70) Araya (2013); (71) Landecker et al. (1982); (72) Suzuki et al. (2020); (73) Hui et al. (2016); (74) Suzuki et al. (2018); (75) Ambrogi et al. (2019); (76) Byun et al.
(2006); (77) Sezer et al. (2019); (78) Leahy & Tian (2007); (79) Matsumura (2018); (80) Ackermann et al. (2013); (81) Welsh&Sallmen (2003); (82) Washino et al.
(2016); (83) Gelfand et al. (2013); (84) Caswell et al. (1975); (85) Okon et al. (2018); (86) Cui et al. (2018); (87) Vela´zquez et al. (2002); (88) Uchida et al. (2012); (89)
Seta et al. (1998); (90) H. E. S. S. Collaboration et al. (2018); (91) Moffett & Reynolds (1994); (92) Castro et al. (2013); (93) Sarma et al. (1997); (94) Ackermann et
al. (2017); (95) Cohen (2016); (96) MAGIC Collaboration et al. (2019); (97) Reich et al. (1984); (98) Leahy (1989); (99) Doroshenko et al. (2017); (100) Condon et al.
(2017); (101) Tian et al. (2008); (102) H. E. S. S. Collaboration et al. (2011); (103) Zdziarski et al. (2016); (104) Pavlovic´ et al. (2013); (105) Lazendic &Slane (2006);
(106) Katagiri et al. (2016a); (107) Routledge et al. (1991); (108) Leahy et al. (1986); (109) Katagiri et al. (2016b); (110) Turner (1976); (111) Odegard (1986); (112)
Slane et al. (2001); (113) Aharonian et al. (2007); (114) Tanaka et al. (2011); (115) Katsuda et al. (2008); (116) Katsuta et al. (2012); (117) Chatterjee et al. (2009); (118)
Cordes & Lazio (2002); (119) Misanovic et al. (2011); (120) H. E. S. S. Collaboration et al. (2015a); (121) Leahy & Tian (2008)
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Table 2: GeV–TeV spectral fitting results.
Name Γcut
*
Γbr
† Ecut (GeV)
‡ Ebr (GeV)
‡ L1-100GeV
§ Lˆ ‖ RGeV
#
IP SNRs
Cassiopeia A (G111.7−2.1) 2.22 (2.2–2.25) 2.22 (2.19–2.24) 2.1 (1.6–2.8)×103 3.2 (1.4–4.8)×102 1.73 (1.71–1.75)×1034 3.18 (2.85–3.5) 0.94 (0.84–1.04)
CTB 109 (G109.1−1.0) 2.1 (1.8–2.4) 2.1 (1.8–2.4) — — 2.95 (1.71–4.18)×1033 4.09 (2.06–6.12) 1.36 (0.58–2.15)
CTB 37A (G348.5+0.1) 2.11 (2.08–2.15) 1.74 (1.62–1.86) 2.2 (1.1–5.5)×103 58 (23–100) 7.83 (7.07–8.59)×1034 4.44 (3.36–5.53) 1.34 (1.03–1.65)
Cygnus loop (G074.0−8.5) 2.70 (2.26–3.14) 2.7 (2.26–3.14) — — 3.88 (3.12–4.65)×1032 1.24 (0.863–1.62) 0.16 (0.04–0.281)
G349.7+0.2 2.39 (2.34–2.45) 2.25 (2.09–2.42) 1.5 (0.8–5.6)×103 — 10.0 (9.2–10.8)×1034 2.10 (1.57–2.63) 0.54 (0.38–0.71)
Gamma-cygni (G078.2+2.1) 1.78 (1.73–1.83) 1.68 (1.59–1.78) 4.7 (3.3–8.9)×102 74 (46–120) 3.04 (2.99–3.09)×1033 10.8 (5.91–15.7) 2.68 (1.72–3.65)
Kes 79 (G033.6+0.1) 2.87 (2.63–3.11) 2.87 (2.63–3.11) — — 3.32 (2.75–3.89)×1034 0.86 (0.71–1.01) 0.09 (0.006–0.18)
MSH 11-62 (G291.0−0.1) 2 (1.75–2.25) 2.27 (2.03–2.52) — — 1.28 (1.08–1.48)×1035 1.35 (0.85–1.84) 0.243 (0.127–0.359)
MSH 11-56 (G326.3−01.8) 1.87 (1.73–2) 1.82 (1.55–2.09) — — 2.22 (1.64–2.80)×1034 8.86 (4.34–13.4) 2.86 (1.07–4.64)
Puppis A (G260.4−3.4) 1.89 (1.78–2.01) 1.62 (1.23–2.00) 63 (36–140) — 7.28 (6.06–8.50)×1033 3.98 (3.24–4.72) 0.81 (0.53–1.09)
RCW 103 (G332.4−0.4) 1.95 (1.87–2.03) 1.99 (1.9–2.08) — — 2.46 (2.26–2.66)×1034 6.42 (4.47–8.37) 2.22 (1.49–2.96)
RCW 86 (G315.4−2.3) 1.82 (1.75–1.89) 1.54 (1.3–1.78) 8.4 (4.8–17)×103 — 2.15 (1.89–2.41)×1033 18.2 (9.14–27.2) 5.50 (3.12–7.88)
RX J1713-3946 (G347.3−0.5) 1.8 (1.79–1.81) 1.66 (1.63–1.68) 6.4 (6.0–6.8)×103 4.3 (3.6–6.5)×102 2.28 (2.09–2.48)×1033 18.6 (15.6–21.7) 5.75 (4.94–6.57)
SN 1006 (G327.6+14.6) 1.8 (1.75–1.85) 1.66 (1.55–1.76) >2.0 3.4 (1.0–5.8)×102 2.57 (2.34–2.81)×1032 11.3 (10.9–11.8) 3.90 (3.71–4.09)
Tycho (G120.1+1.4) 2.12 (2.02–2.23) 2.16 (1.99–2.32) >1.3 >9.5 7.35 (4.01–10.7)×1032 9.16 (7.50–10.8) 2.97 (2.25–3.68)
W 30 (G008.7−0.1) 2.57 (2.48–2.66) 2.57 (2.41–2.73) >51 >3.3 7.99 (7.04–8.94)×1034 1.39 (1.15–1.62) 0.29 (0.18–0.40)
W 51 C (G049.2−0.7) 2.6 (2.57–2.62) 2.23 (2.17–2.29) >2.7 5.9 (3.5–14) 1.06 (1.02–1.11)×1035 1.47 (1.36–1.58) 0.339 (0.304–0.374)
RP SNRs
3C 391 (G031.9+0.0) 1.9 (1.75–2.06) 2.25 (2.07–2.43) 7.4 (3.8–18) 7.6 (3.3–9.4) 5.64 (5.32–5.96)×1034 1.71 (1.13–2.29) 0.105 (0.052–0.159)
CTB 37 A (G348.5+0.1) 2.49 (2.45–2.52) 2.49 (2.44–2.55) >3.3 >16 1.4 (1.3–1.5)×1035 2.16 (2.13–2.19) 0.602 (0.581–0.624)
G166.0+4.3 2.33 (1.92–2.75) 2.33 (1.92–2.75) — — 5.72 (3.87–7.58)×1033 2.05 (1.33–2.77) 0.577 (0.293–0.862)
G359.1−0.5 2.48 (2.44–2.51) 2.49 (2.43–2.54) 4.6 (2.6–11)×103 >53 2.59 (2.27–2.91)×1034 2.15 (2.12–2.18) 0.594 (0.573–0.615)
HB 21 (G089.0+4.7) 2.8 (2.54–3.05) 1.96 (0.169–3.76) — — 3.35 (2.58–4.12)×1033 0.68 (0.44–0.91) 0.084 (0.026–0.143)
HB 9 (G160.9+2.6) 2.59 (1.98–3.19) 2.59 (1.98–3.19) >1.2 >3.5 2.32 (1.16–3.48)×1032 1.36 (0.53–2.19) 0.312 (0.0006–0.624)
IC 443 (G189.1+3.0) 2.3 (2.27–2.32) 2.21 (2.18–2.25) 2.1 (1.8–2.5)×102 16 (11–22) 2.30 (2.27–2.32)×1034 2.24 (2.05–2.43) 0.514 (0.470–0.557)
Kes 17 (G304.6+0.1) 2.44 (2.23–2.65) 2.48 (2.25–2.72) 30 (11–2400) >1.0 6.24 (4.91–7.57)×1034 1.66 (1.20–2.11) 0.327 (0.086–0.568)
W 28 (G6.4−0.1) 2.7 (2.67–2.74) 2.62 (2.56–2.69) >2.0 1.5 (0.1–6.6)×102 1.89 (1.59–2.19)×1034 1.26 (1.11–1.42) 0.263 (0.213–0.314)
W 44 (G034.7−0.4) 2.35 (2.28–2.42) 2.42 (2.3–2.53) 11 (6.5–20) 3.8 (1.4–7.4) 7.28 (7.19–7.38)×1034 1.19 (1.03–1.36) 0.083 (0.057–0.109)
W 49 B (G043.3−0.2) 2.41 (2.37–2.45) 2.21 (2.13–2.3) 5.7 (4.3–8.4)×102 12 (3.5–16) 3.14 (3.06–3.22)×1035 1.89 (1.53–2.25) 0.45 (0.34–0.56)
Others
CTB 33 (G337.0−0.1) 2.55 (2.44–2.65) 2.24 (1.12–3.37) 8.0 (5.6–11) — 3.37 (3.02–3.73)×1035 1.66 (1.47–1.85) 0.106 (0.066–0.146)
G150.3+4.5 1.92 (1.8–2.03) 1.92 (1.76–2.08) >2.7 >1.0 2.67 (2.45–2.89)×1032 7.39 (6.46–8.31) 2.48 (2.05–2.92)
G24.7+0.6 2.08 (2.06–2.1) 2.10 (2.08–2.12) 1.5 (1.2–2.0)×103 4.1 (2.9–5.7)×102 3.84 (3.77–3.92)×1034 4.73 (4.28–5.18) 1.44 (1.31–1.56)
G353.6−0.7 2.32 (2.26–2.37) 2.38 (2.31–2.45) 6.8 (5.4–8.8)×103 1.6 (1.2–2.1)×103 7.50 (6.99–8.01)×1033 7.17 (6.99–7.35) 2.38 (2.30–2.47)
G73.9+0.9 3.08 (2.17–3.99) 3.08 (2.17–3.99) — — 3.10 (2.16–4.04)×1033 0.605 (0.422–0.788) 0.065 (0.022–0.108)
HB 3 (G132.7+1.3) 2.86 (2.54–3.19) 2.86 (2.20–3.53) — — 2.65 (2.47–2.83)×1033 0.75 (0.48–1.02) 0.107 (0.032–0.182)
Monoceros nebula (G205.5+0.5)** — — — — — — —
Vela Jr. (RX J0852.0-4622; G266.2−1.2) 1.84 (1.82–1.86) 1.86 (1.84–1.88) 5.4 (4.5–6.5)×103 1.3 (0.9–1.6)×103 4.07 (3.85–4.29)×1034 14.8 (12.3–17.4) 4.64 (3.97–5.31)
S 147 (G180.0−1.7) 2.18 (1.65–2.72) 2.18 (1.65–2.72) — — 2.74 (1.80–3.67)×1033 3.17 (1.92–4.43) 1.02 (0.52–1.51)
W 41 (G23.3−0.3) 2.46 (2.42–2.51) 2.17 (1.91–2.44) 6.3 (5.4–7.2)×102 — 3.23 (2.68–3.78)×1034 5.25 (5.13–5.38) 1.49 (1.43–1.55)
* Best-fitting Γcut in case (A).
† Best-fitting Γbr in case (A).
‡ Values are not presented if the cutoff/break energies are not obtained.
§ Luminosity in 1–100 GeV energy range calculated from the best-fitting parameters of the exponential cutoff power law model in case (B).
‖ Luminosity in 1 GeV to 20 TeV energy range normalized at 1 GeV calculated from the best-fitting parameters of the exponential cutoff power law model in case (B).
# Ratio of the 10 GeV to 20 TeV and the 1–10 GeV luminosities, calculated using the best-fitting parameters of the exponential cutoff power law model in case (B).
** Values are not constrained due to the large uncertainties of the spectral data.
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3 Systematic analysis on the time evolution
of particle escape
Here, we make comparisons of the gamma-ray properties ob-
tained in Section 2 and the thermal X-ray properties shown in
Table 1. The distribution of the photon indices obtained in case
(A) are shown in Figure 5 (a) and 6 (a). The objects with the
RPs exhibit rather softer indices than the others (see Section 2).
Figure 7 and 8 show the plots of the Ecut and Ebr over tp
and ts. These are quite consistent with the result in Zeng et
al. (2019), which shows the plots of Ebr over SNR ages. The
gray regions are calculated by fitting the data with a power law
model with free normalization and index. They represent 1 σ
confidence regions for the best-fitting power law models, which
show the trends of the data. The correlation coefficient (r) be-
tween two parameters x and y is calculated as
r =
1
n−1
∑
n
i=1
(xi − x)(yi − y)√
1
n−1
∑
n
i=1
(xi − x)2
√
1
n−1
∑
n
i=1
(yi − y)2
, (4)
where x and y stand for the average values, and n and i are
the sample number and the sample index, respectively. Here we
note that, we exclude the data points with only given upper or
lower limits in calculations of the correlation coefficients and
the best-fitting functions. We calculate a standard error of the
regression as√
1− r2
n− 2
, (5)
which is obtained based on Student’s t distribution with (n−2)
degrees of freedom. Statistical errors are estimated as follows:
we randomize the data points considering their uncertainties and
calculate corresponding correlation coefficients for individual
data sets, to obtain the distribution of the coefficients. Then we
get the standard deviation of the distribution as the statistical
error.
The coefficients calculated in this work are summarized in
Table 3. We are not able to find significant trends that Ecut
falls with increasing tp or ts. Also for Ebr, no clear trends
are found (Table 3). If we exclude an outlier RX J1713.7-
3946 (see Section 4.4), however, the correlations become sig-
nificant for most cases with Ecut and Ebr (Table 3). The dot-
ted black, solid red and green lines are analytical models of the
maximum energies of accelerated particles derived in Ptuskin
& Zirakashvili (2003), which show the values in a Bohm limit,
acceleration with wave damping by nonlinear wave-wave inter-
actions caused by shock-ISM (interstellar medium) collisions,
and acceleration with wave damping by shock-cloud collisions,
respectively. The latter two cases include wave amplification
by accelerated particles. In all the cases, an upstream magnetic
field strength (B0) of 5 µG is assumed. This value has been
found to be reasonable at least for SNRs which are older than 2
kyr (e.g., Bamba et al. 2005). In the case of ion-neutral damp-
ing, we consider slowing down of shocks in clouds as
vc ∼
v0
1+ (nc/n0)0.5
, (6)
where v0, vc, n0 and nc are shock velocities before and after
the collision to clouds, and post-shock densities of the inter-
cloud region (assumed to be 1 cm−3) and the cloud, respec-
tively (Chevalier 1999). The solid blue lines are numerical cal-
culation results of the maximum energies in acceleration with
Alfve´nic diffusion (including nonlinear wave damping, thus the
diffusion coefficient is time dependent), obtained by Brose et
al. (2020). In this case, the maximum energies are calculated
by fitting time-integrated particle spectra in the downstream of
the shock with exponential cutoff power law models, as obser-
vational studies done in Section 2.2. This simulation does only
consider the resonant amplification of Alfve´nic turbulence by
the accelerated particles. Thus, the contribution of the turbu-
lence to the background magnetic field of B0 = 5 µG is ne-
glected and the magnitude of the maximum energies may not
be correct. The solid magenta lines represent numerical calcu-
lations of the maximum energies in an uniform ISM case by
Yasuda & Lee (2019). This simulation assumes a Bohm-like
diffusion coefficient with B0 = 4 µG but includes wave ampli-
fication by accelerated particles. In this case, maximum ener-
gies represent exact highest energies which freshly accelerated
particles at each time can reach, and thus the magnitude of the
maximum energies may be higher than the observational values.
Figure 9 represents the relation between tp and ts. The data
show a clear correlation (Table 3). The solid black line repre-
sents a linear function ts = tp. If we fit this trend with a linear
function ts/tp= f , we get the best-fitting value of f =6.2±0.9.
This function is also presented in Figure 9 with the dashed black
line. If we fit the IP SNRs and RP SNRs independently, we ob-
tain the factors f = 6.5± 1.3 and 3.6± 0.4, respectively.
In Figure 10, we show the plots of the 1–100 GeV luminos-
ity and that divided by the ambient proton density over tp and
ts. The luminosity is calculated from the best-fitting exponen-
tial cutoff power law model in case (B). Although all the fig-
ures show no clear evolutions with tp or ts, we can see that the
objects with RPs have rather high luminosities than the others.
This trend is consistent with the results presented in Acero et
al. (2016), which show that the 1–100 GeV luminosities of the
SNRs of the ages above ∼ 10 kyr are ∼1035 erg s−1 and those
of the younger ones are less than ∼1035 erg s−1. We can also
see that, when divided by the ambient density, the dispersion
of the luminosity (logarithmic range from the minimum to the
maximum value) becomes significantly narrow with a factor of
∼5, if RX J1713.7-3946 and G166.0+4.3 are excluded.
In addition to Ecut and Ebr, we extract two more potential
indicators of particle escape, namely a hardness ratio (ratio of
the 10 GeV to 20 TeV and the 1–10 GeV luminosities; hereafter
RGeV) and a normalized gamma-ray luminosity (Lˆ). The Lˆ is
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Fig. 1. Fitting results for the gamma-ray spectra with an exponential cutoff power law model. The dashed and solid lines represent the best-fitting models in
cases (A) and (B), respectively (see text). The colors of the object names correspond to the plasma types (blue: IP; red: RP; black: CIE or no detection of
thermal X-rays).
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Fig. 2. Fitting results for the gamma-ray spectra with an exponential cutoff power law model. Same convention for lines is used as Figure 1. The colors of the
object names correspond to the plasma types (blue: IP; red: RP; black: CIE or no detection of thermal X-rays).
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Fig. 3. Fitting results for the gamma-ray spectra with a broken power law model. Same conventions for lines and colors are used as Figure 1.
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Fig. 4. Fitting results for the gamma-ray spectra with a broken power law model. Same conventions for lines and colors are used as Figure 1.
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the 1 GeV to 20 TeV luminosity normalized at 1 GeV, i.e.,
Lˆ=
(∫ 20 TeV
1 GeV
E2 dN (E)
dE
dE
)
/
E2 dN (1 GeV)
dE
. (7)
These are less biased values since they are independent of spec-
tral modelings. Figure 11 shows the results for the RGeV.
Comparison to either ts or tp shows a good trend (Table 3).
Figure 12 shows the results for Lˆ. Either compared to tp or ts,
Lˆ shows good trends (Table 3). The gray regions represent 1
σ confidence regions of the best-fitting power law models as in
Figure 7 and 8. The solid magenta lines represent the numerical
calculations in the uniform ISM case by Yasuda & Lee (2019).
The Lˆ is calculated for the freshly accelerated particles at each
time.
The objects with hard Γcut or Γbr (significantly less than
2.0, i.e., CTB 37 A; Gamma Cygni; RCW 86; RX J1713.7-
3946; SN 1006; Vela Jr.) are possibly emitting gamma-rays via
inverse-Compton (IC) scatterings (Ohira et al. 2012). Thus they
might be inapplicable in this study, since we assume that domi-
nant component of the gamma-ray spectra is hadronic emission.
In particular, the emission mechanism of RX J1713.7-3946
has long been discussed and yet to be confirmed (Abdo et al.
2010; Ellison et al. 2010; Inoue et al. 2012; Gabici & Aharonian
2014; Ohira & Yamazaki 2017). Therefore, we calculate the
correlation coefficients without these objects as well. The re-
sults are shown in Table 3. Although the differences between
the coefficients calculated with and without these objects are
insignificant, all of the latter cases show significant correlations
for tp. Oppositely, no significant correlations are found for ts in
this sample selection.
Table 4 shows the correlation coefficients for each of the IP
and RP SNRs, to search for differences between their behav-
ior. Most of the coefficient values are not significant, and are
consistent with each other for individual cases. Thus, almost
no significant differences are found. In the case of tp vs. ts,
we confirm that each of the IP and RP SNRs has a significant
correlation if RX J1713.7-3946 is excluded.
We note that the correlation coefficients obtained above are
subject to potential uncertainties of distances and ne. The un-
certainties of the distances have not been estimated quantita-
tively for most of the sample. These potential uncertainties
might decrease the coefficients obtained above. The uncertain-
ties of ne are also hard to estimate due to unknown values of the
filling factors of the plasmas. Here, in order to check this effect,
we assign an error of 50% to individual ne values as an example
and calculate all the correlation coefficients as above. The re-
sultant coefficients do not change much, with only the statistical
errors increased by <∼ 50%. Thus, this level of the uncertainty
does not affect whether the coefficients are significant or not.
4 Discussion
4.1 Comparison of Ecut and Ebr between the
measurements and theoretical calculations
In Figure 5, the SNRs with RPs show relatively larger photon
indices. Considering the larger tp or ts of the objects with RPs,
the older SNRs may generally have softer gamma-ray spectra.
This is consistent with the result in Acero et al. (2016), which
shows a relation between the SNR age and the 1–100 GeV pho-
ton index. This implies that the spectral softening due to particle
escape also affects the spectral index in addition to Ecut or Ebr.
Since tp and ts are calculated independently, the consistency
between them within a factor for most of the objects (Figure
9; Section 3) suggests that tp and ts roughly represent the same
value, which should be the SNR age. The difference between tp
and ts is most simply explained as due to a wrong estimation of
the post-shock density from X-ray observations. This is not ir-
rational since an estimation of ne in an X-ray analysis is always
accompanied by a potential uncertainty of the filling factor of
the X-ray emitting plasma, which we ignore in this work. If the
post-shock density is overestimated by ∼3 times, the difference
of the factor of ∼6 is explained. Thus, this may indicate that
X-ray emitting plasmas have ∼3 times larger densities than the
average values in post-shock regions. Hereafter, we assume that
tp and ts represent the SNR age within a factor.
In Figure 7 and 8, we see only a few data points are close
to the theoretical calculations in a Bohm diffusion case (with
B0 = 5 µG and n= 0.4 cm
−3 in the analytical, and B0 = 4 µG
and n = 0.4 cm−3 in the numerical calculations). If we as-
sume that the theoretical calculations in a Bohm diffusion case
explain the average trends of the data (gray regions), unrealis-
tic values of B0 < 0.1 µG or n > 10
4 cm−3 will be required
(Ptuskin & Zirakashvili 2003). Thus it is hard to expect that
an assumption of a Bohm diffusion can generally be applied
to these SNRs. The data trends seen in Figure 7 and 8 show
that the data can be reproduced with the theoretical predictions
for acceleration conditions in a thin interstellar medium (“non-
linear damping (analytical)” and “nonlinear damping (numer-
ical)” cases in Figure 7 and 8), or under ion-neutral collision
(“ion-neutral damping (analytical)” in Figure 7 and 8). The time
evolution of Ebr is generally lower than that of Ecut, so that it
prefers the “ion-neutral damping (analytical)” case. Since the
spectral shape at the maximum energy of the accelerated parti-
cles depends on whether escaping particles emit gamma-rays as
well, we can not determine which of Ecut or Ebr is proper to
describe the escape environments. Thus, it is difficult to con-
clude which escape condition best reproduces the observational
trends. The significant dispersions of Ecut or Ebr of 2–3 or-
ders of magnitude even at the same tp or ts values might be
due to wrong estimations of tp and ts (or possibly Ecut and
Ebr). However, these might be due to an intrinsic variety of
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Table 3. Summary of the correlation coefficients calculated for individual cases.
Case RX J1713* IC† Correlation coefficient‡
tp (ts) and Ecut Y Y −0.32± 0.07± 0.27(−0.30± 0.07± 0.27)
N Y −0.62± 0.09± 0.20(−0.26± 0.07± 0.29)
N N −0.58± 0.10± 0.26(−0.14± 0.10± 0.36)
tp (ts) and Ebr Y Y −0.23± 0.08± 0.32(−0.59± 0.06± 0.25)
N Y −0.55± 0.10± 0.28(−0.58± 0.07± 0.27)
N N −0.54± 0.12± 0.37(−0.44± 0.14± 0.40)
tp (ts) and RGeV Y Y −0.27± 0.05± 0.19(−0.37± 0.04± 0.17)
N Y −0.42± 0.06± 0.18(−0.34± 0.04± 0.18)
N N −0.28± 0.07± 0.21(−0.09± 0.05± 0.21)
tp (ts) and Lˆ Y Y −0.28± 0.04± 0.19(−0.41± 0.03± 0.17)
N Y −0.46± 0.04± 0.18(−0.38± 0.04± 0.17)
N N −0.31± 0.06± 0.21(−0.12± 0.06± 0.21)
tp and ts Y Y 0.39± 0.04± 0.18
N Y 0.51± 0.04± 0.17
N N 0.60± 0.05± 0.18
* Include RX J1713.7-3946 (Y) or not (N).
† Include or not objects with possible IC emission (either Γcut or Γbr is less than 2.0).
‡ Value ± (statistical error)± (standard error of the regression) is presented. The value
in the parentheses corresponds to the case with ts.
Table 4. Comparison of the correlation coefficients for the IP and RP SNRs.
Case RX J1713* IC† Correlation coefficient (IP SNRs)‡ Correlation coefficient (RP SNRs)‡
tp (ts) and Ecut Y Y 0.03± 0.10± 0.45(−0.26± 0.13± 0.43) −0.33± 0.12± 0.41(−0.01± 0.12± 0.49)
N Y −0.86± 0.12± 0.16(−0.15± 0.15± 0.50) −0.33± 0.12± 0.41(−0.01± 0.12± 0.49)
N N −0.06± 0.72± 0.07(0.10± 0.69± 0.91) −0.33± 0.12± 0.41(−0.01± 0.13± 0.49)
tp (ts) and Ebr Y Y −0.23± 0.12± 0.48(−0.71± 0.09± 0.34) 0.19± 0.17± 0.56(0.22± 0.20± 0.56)
N Y −0.73± 0.13± 0.37(−0.68± 0.10± 0.42) 0.19± 0.18± 0.56(0.22± 0.20± 0.56)
N N −1.00± 0.04± 0.00(−1.00± 0.04± 0.00) 0.19± 0.17± 0.56(0.22± 0.20± 0.56)
tp (ts) and RGeV Y Y −0.04± 0.06± 0.27(−0.23± 0.05± 0.25) −0.34± 0.11± 0.31(0.14± 0.11± 0.33)
N Y −0.24± 0.07± 0.27(−0.17± 0.05± 0.26) −0.34± 0.11± 0.31(0.14± 0.11± 0.33)
N N −0.10± 0.08± 0.33(−0.05± 0.07± 0.33) −0.34± 0.11± 0.31(0.14± 0.11± 0.33)
tp (ts) and Lˆ Y Y −0.05± 0.05± 0.27(−0.20± 0.05± 0.25) −0.43± 0.14± 0.29(−0.03± 0.14± 0.33)
N Y −0.28± 0.06± 0.27(−0.13± 0.05± 0.27) −0.43± 0.13± 0.29(−0.03± 0.14± 0.33)
N N −0.13± 0.07± 0.33(−0.00± 0.07± 0.33) −0.43± 0.13± 0.29(−0.02± 0.14± 0.33)
tp and ts Y Y 0.22± 0.05± 0.26 0.68± 0.05± 0.24
N Y 0.41± 0.06± 0.25 0.68± 0.05± 0.24
N N 0.54± 0.06± 0.28 0.68± 0.05± 0.24
* Include RX J1713.7-3946 (Y) or not (N).
† Include or not objects with possible IC emission (either Γcut or Γbr is less than 2.0).
‡ Value ± (statistical error)± (standard error of the regression) is presented. The value in the parentheses corresponds to the case with
ts.
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Fig. 5. Results obtained in the gamma-ray spectral fittings with an exponential cutoff power law model. (a) The relation between D and Γcut . (b) The relation
between D and Ecut obtained in the fittings with free photon indices. The colors of the data points and the names correspond to the plasma types (blue: IP;
red: RP; black: CIE or no detection of thermal X-rays).
Fig. 6. Results obtained in the gamma-ray spectral fittings with a broken power law model. (a) The relation between D and Γbr. (b) The relation between D
and Ebr obtained in the fittings with free photon indices. Same conventions for colors of the data points and names are used as Figure 5.
escape environments: ambient density and ionization state, and
B0. Therefore, we suggest a possibility that, the complicated
spectral shape of the Galactic cosmic rays observed on Earth
(e.g., Lipari & Vernetto 2019) is due to this intrinsic variety of
the escape environments, since even if the spectral indices of ac-
celerated particles are the same, those of escaping particles dif-
fer significantly depending on the escape timescale (Ohira et al.
2010; Ohira & Ioka 2011).
4.2 Escape timescale estimated with Lˆ
Figure 11 and 12 exhibit negative correlations between tp or ts
and RGeV or Lˆ for most cases of the sample selection (Table 3).
The theoretical predictions shown with magenta lines (Yasuda
& Lee 2019) are roughly consistent with the data trends, al-
though these models can not explain the time evolutions ofEcut
and Ebr (Figure 7 and 8). This is probably because Lˆ is insen-
sitive to the spectral shape around the maximum energy of the
accelerated particles, as we discussed in Section 3.
From Figure 12 (a) and (b), we can estimate the timescale
of the particle escape, in which Lˆ becomes ∼1/3 for example,
to be two orders of magnitude increase of time. Under an as-
sumption that gamma-ray luminosities take maximum at around
1 kyr (Yasuda & Lee 2019), the decrease timescale of total con-
fined proton energy is roughly estimated as ∼100 kyr. With
a fixed gamma-ray photon index of 2.0, this timescale corre-
sponds to the decrease of Ecut to ∼10 GeV, which is consistent
with Figure 7 and 8. This decreasing trend of the luminosity
can not be seen in Figure 10 (c) or (d). This should be due to
an intrinsic variety of the explosion kinetic energies and/or the
surrounding environments, which can not be excluded only by
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Fig. 7. (a) The relation between tp and Ecut obtained in the fittings with the model (B). (b) Same as (a) but for ts instead of tp . The gray regions represent
1 σ confidence regions for the best-fitting power law function. The dotted black, solid red and green lines represent the analytical models corresponding to
the Bohm diffusion case, the case with nonlinear wave damping, and the case with ion-neutral wave damping, respectively, which are presented in Ptuskin
& Zirakashvili (2003). The blue lines represent the numerical calculations in the Alfve´nic diffusion (nonlinear wave damping) case presented in Brose et al.
(2020). The magenta lines represent the numerical calculations in the uniform ISM case by Yasuda & Lee (2019). The n and T described along the model
lines stand for the ambient density (cm−3) and temperature (K), respectively. The ambient density refers to the cloud and the ISM density for “ion-neutral
damping” case and for the other cases, respectively. In the case of ion-neutral damping, these values are set to keep a condition nT = 3000 K cm−3 (Wolfire
et al. 1995). Same conventions as Figure 5 are used for the colors of the data points and names.
Fig. 8. (a) The relation between tp and Ebr obtained in the fittings with the model (B). (b) Same as (a) but for ts instead of tp. The gray regions represent 1
σ confidence regions for the best-fitting power law function. The theoretical model lines are the same as those in Figure 7. Same conventions as Figure 5 are
used for the colors of the data points and names.
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Fig. 9. The relation between tp and ts. The solid and dashed black lines represent linear functions ts = tp and ts = 6.2 tp, respectively. Same conventions
as Figure 5 are used for the colors of the data points and names.
dividing the luminosities by the ambient densities. We note that,
the narrower distributions of the luminosities divided by the am-
bient densities compared to the luminosity distribution may in
fact indicate that the intrinsic variety is somewhat reduced in
Figure 10 (c) and (d).
4.3 Implication on the origins of RPs
In Section 4.1, we suggest that tp represents the true SNR age
within a factor. Since RP ages do not necessarily correspond
to the SNR ages themselves considering their unclear origins, it
is surprising that Figure 9 shows no clear separation between
the distributions of the IP and the RP SNRs (< 2 σ signifi-
cance in terms of the difference of the factor f ; see Section 3).
Therefore, this may provide us with an important clue for the
origins of RPs, which suggests that very early stages of SNR
evolution are responsible for generation of RPs. (Itoh&Masai
1989; Katsuragawa 2019; Zhang et al. 2019).
4.4 An outlier: RX J1713.7-3946
RX J1713.7-3946 is an outlier in terms of tp, since it clearly has
a too large value of∼160 kyr. This may be because of its unnat-
urally high ionization timescale of ∼ 5× 1011 cm−3 s−1 con-
sidering its kinematic age of ∼1600 year (Katsuda et al. 2015).
Alternatively, this may be due to a systematic uncertainty of
its post-shock density, which is hard to estimate because of the
very low flux of the thermal component buried in the bright non-
thermal emission. Thus we suggest two possibilities: one is that
it has undergone a rapid ionization in a dense environment in its
early stages and then somehow the thermal plasma was rarefied
to become thin. The other is that the current thermal plasma
density is actually much higher, but is underestimated because
of the overestimation of its volume. The correlation coefficients
without RX J1713.7-3946 are also presented in Table 3, most of
which indicate significant correlations, although the values with
and without RX J1713.7-3946 are consistent within uncertain-
ties.
Most of the coefficients calculated without the objects with
possible IC gamma-rays are significant for the plots with tp,
which indicates an improvement of the correlations (Table 3).
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Fig. 10. (a) The plots of the 1–100 GeV luminosity over tp. (b) Same as (a) but on ts. (c) Dependency of the 1–100 GeV luminosity divided by the ambient
gas density (ngas) on tp . (d) Same as (c) but on ts. Same conventions as Figure 5 are used for the colors of the data points and names.
Fig. 11. (a) The plots of the hardness ratio (RGeV) over tp. (b) Same as (a) but on ts. Same conventions as Figure 5 are used for the colors of the data points
and names.
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Fig. 12. (a) The plots of the normalized luminosity (Lˆ) over tp . (b) Same as (a) but on ts. The gray regions represent 1 σ confidence regions for the best-fitting
power law model. The magenta lines represent the numerical calculations in the uniform ISM case by Yasuda & Lee (2019). Same conventions as Figure 5
are used for the colors of the data points and names.
However, considering the fact that most of the cases without
RX J1713.7-3946 already show significant coefficients (Table
3), these improvements are attributed to the lack of RX J1713.7-
3946. Moreover, in the cases with ts, almost no significant
correlations are found if the possible IC objects are excluded.
Thus, the contribution of the possible IC objects can not be dis-
tinguished in this work.
5 Conclusion
We conducted a systematic analysis on the gamma-ray emit-
ting SNRs using their gamma-ray emission and thermal plasma
properties, in order to estimate the timescales of high-energy
particle escape. The two ages tp and ts are found to be close
within ∼ a factor, suggesting that they roughly represent the
same value, which should be the SNR age. The Ecut and Ebr
are found to decrease with increasing tp in several cases of
the sample selection. The comparisons with several analyti-
cal/numerical calculations suggest that, although acceleration
with a Bohm diffusion seems to be hard to explain most of the
sample, that under a shock-ISM or a shock-cloud interaction
can reproduce the data trends. Also, by comparing the normal-
ized gamma-ray luminosity Lˆ to tp and ts, we estimate the de-
crease timescale of the total energy of confined protons as∼100
kyr. We suggest that tp represents the true SNR age within a fac-
tor and that very early stages of SNR evolution are responsible
for generation of RPs. This can be crucial to understanding the
origins of RPs.
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